Invariants of plane curve singularities and Newton diagrams by Cassou-Noguès, Pierrette & Płoski, Arkadiusz
UNIVERSITATIS IAGELLONICAE ACTA MATHEMATICA
doi: 10.4467/20843828AM.12.001.0453 FASCICULUS XLIX, 2011
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by Pierrette Cassou-Nogue`s and Arkadiusz P loski
To Professor Kamil Rusek on his 65th birthday
Abstract. We present an intersection-theoretical approach to the invari-
ants of plane curve singularities µ, δ, r related by the Milnor formula
2δ = µ + r − 1. Using Newton transformations we give formulae for µ,
δ, r which imply planar versions of well-known theorems on nondegenerate
singularities.
Introduction
The goal of this paper is to present an elementary, intersection-theoreti-
cal approach to the local invariants of plane curve singularities. We study in
detail three invariants: the Milnor number µ, the number of double points δ
and the number r of branches of a local plane curve. The technique of Newton
diagrams plays an important part in the paper. It is well-known that New-
ton transformations which arise in a natural way when applying the Newton
algorithm provide a useful tool for calculating invariants of singularities.
The formulae for the Milnor number in terms of Newton diagrams and
Newton transformations presented in the paper grew out of our discussion on
Eisenbud–Neumann diagrams. They have counterparts in toric geometry of
plane curve singularities and in the case of two dimensions imply theorems
due to Kouchnirenko, Bernstein and Khovanski.
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1. Plane local curves
Let C{X,Y } be the ring of convergent complex power series in variables X,
Y . For any nonzero power series f =
∑
cαβX
αY β we put supp f = {(α, β) ∈
N2 : cαβ 6= 0}, ord f = inf{α + β : (α, β) ∈ supp f} and in f =
∑
cαβX
αY β
with summation over (α, β) ∈ N2 such that α+ β = ord f .
We put by convention ord 0 = +∞, in 0 = 0. We call c00 the constant
term of the power series f . The power series without constant term form the
unique maximal ideal of C{X,Y }. A power series is a unit if and only if its
constant term is nonzero. We write g = f · unit if there is a unit u such
that g = fu in C{X,Y }. We then also say that f and g are associated. Let
f ∈ C{X,Y } be a nonzero power series without constant term. A local (plane)
curve f = 0 is defined to be the ideal generated by f in C{X,Y }. We say
that a local curve f = 0 is irreducible (reduced) if f ∈ C{X,Y } is irreducible
(f has no multiple factors). The irreducible curves are also called branches.
If f = fm11 . . . f
mr
r with non-associated irreducible factors fi then we refer to
fi = 0 as the branches or components of f = 0. We say that a curve f = 0 is
singular (nonsingular) if ord f > 1 (ord f = 1). We call ord f the multiplicity
of the curve f = 0. The lines defined by the equation in f = 0 are the tangent
lines (in short: tangents) to the curve f = 0.
Let X˜, Y˜ be new variables. A local system of coordinates Φ is a pair of
power series Φ(X˜, Y˜ ) = (aX˜ + bX˜ + · · · , cX˜ + dY˜ + · · · ) where ad − bc 6= 0
and the dots denote terms of order higher than 1 in X˜, Y˜ . The map f → f ◦Φ
is an isomorphism of the rings C{X,Y } and C{X˜, Y˜ }.
For any power series f, g ∈ C{X,Y } we define the intersection multiplicity
or intersection number i0(f, g) by putting
i0(f, g) = dimCC{X,Y }/(f, g),
where (f, g) is the ideal of C{X,Y } generated by f and g. If f, g are nonzero
power series without constant terms then i0(f, g) < +∞ if and only if the
curves f = 0 and g = 0 have no common branch. The following properties are
basic
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1. i0(f, g) depends on the ideal (f, g) only. In particular, i0(f, g) = i0(g, f)
and i0(f, g + kf) = i0(f, g).
2. If Φ is a local system of coodinates then i0(f ◦ Φ, g ◦ Φ) = i0(f, g).
3. i0(f, gh) = i◦(f, g) + i◦(f, h).
Let t be a variable. A parametrization is a pair (x(t), y(t)) ∈ C{t}2
of power series without constant terms such that x(t) 6= 0 or y(t) 6= 0 in
C{t}. Two parametrizations (x(t), y(t)) and (x˜(t˜), y˜(t˜)) are equivalent if there
is a power series τ(t) ∈ C(t), ord τ = 1 such that x(t) = x˜(τ(t)), y(t) = y˜(τ(t)).
A parametrization (x(t), y(t)) ∈ C{t}2 is good if there is no parametriza-
tion (x1(t1), y1(t1)) ∈ C{t1}2 such that x(t) = x1(τ1(t)), y(t) = y1(τ1(t))
for a power series τ1(t) such that ord τ1(t) > 1.
A parametrization (x(t), y(t)) is a Puiseux parametrization if it is good
and x(t) = tn for an integer n > 0. It may be proved that a parametrization
(tn, y(t)) is a Puiseux parametrization if and only if gcd(n, supp y(t)) = 1.
For any branch f = 0 there is a unique up to equivalence good parametriza-
tion (x(t), y(t)) such that f(x(t), y(t)) = 0. If n = i0(f, x) < +∞ then it is
equivalent to a Puiseux’ parametrization (tn, y(t)). On the other hand, for
any parametrization (x(t), y(t)) there is a unique branch f = 0 such that
f(x(t), y(t)) = 0.
The following important property holds true:
4. If (x(t), y(t)) is a good parametrization of the branch f = 0 then
i0(f, g) = ord g(x(t), y(t)).
This implies
5. Let f = 0 be a branch. Then for any power series g, h ∈ C{X,Y }:
i0(f, g + h) ≥ inf{i0(f, g), i0(f, h)} with equality if i0(f, g) 6= i0(f, h).
Suppose that f = 0 is a branch and consider
Γ(f) = {i0(f, g) : g ∈ C{X,Y } runs over all series
such that f does not divide g}.
Clearly 0 ∈ Γ(f) and a, b ∈ Γ(f)⇒ a+b ∈ Γ(f), since the intersection number
is additive. We call Γ(f) the semigroup of the branch f = 0. Note that
Γ(f) = N if and only if the branch f = 0 is nonsingular.
Two reduced curves f = 0 and g = 0 are equisingular if and only if there
are factorizations f = f1 · · · fr and g = g1 · · · gr with the same numbers r > 0
of irreducible factors fi and gi such that
• Γ(fi) = Γ(gi) for all i = 1, . . . , r,
• i0(fi, fj) = i0(gi, gj) for i, j = 1, . . . , r.
The bijection fi 7→ gi will be called equisingularity bijection. In particular,
two branches are equisingular if and only if they have the same semigroup.
A function defined on the set of reduced curves is an invariant if it is constant
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on equisingular curves. The multiplicity and the number of branches of a plane
local curve are invariants.
Notes
The proofs omitted in this section are given in [8]. A beautiful introduction to
the subject is given in [34]. The book [2] is very well written and contains his-
torical information. For the systematic treatment of plane curve singularities
see [4], [15, Chap. 5] and [37].
2. The Milnor number: intersection theoretical approach
For every power series f ∈ C{X,Y } without constant term we define the
Milnor number µ0(f) by putting
µ0(f) = i0
(
∂f
∂X
,
∂f
∂Y
)
.
Property 2.1. There is µ0(f) = +∞ if and only if f has a multiple factor
in C{X,Y }.
Proof. If f = h2g in C{X,Y }, ordh > 0, then ∂f∂X = 2h ∂h∂X g + h2 ∂g∂X
and ∂f∂Y = 2h
∂h
∂Y g + h
2 ∂g
∂Y . Thus the derivatives
∂f
∂X ,
∂f
∂Y have a common factor
h of a positive order and µ0(f) = i0
(
∂f
∂X ,
∂f
∂Y
)
= +∞. Now suppose that
i0
(
∂f
∂X ,
∂f
∂Y
)
= +∞. Then there exists an irreducible divisor h of the derivatives
∂f
∂X ,
∂f
∂Y . We claim that h divides f : if (x(t), y(t)) is a parametrization of the
branch h = 0, then ddtf(x(t), y(t)) =
∂f
∂X (x(t), y(t))x
′(t) + ∂f∂Y (x(t), y(t))y
′(t) =
0 in C{t}. Therefore, f(x(t), y(t)) = 0 and h divides f . From irreducibility
of h there follows that ordh(X, 0) = ordh or ordh(0, Y ) = ordh. Suppose
that ordh(0, Y ) = ordh. Thus ord ∂h∂Y = ordh− 1 and the power series h and
∂h
∂Y are coprime in C{X,Y }. Write f = hg. Whence ∂f∂Y = ∂h∂Y g + h ∂g∂Y and h
divides ∂h∂Y g. Therefore, h divides g and h is a multiple factor of f .
Property 2.2. For any local system of coordinates Φ, µ0(f ◦ Φ) = µ0(f).
Proof. Since JacΦ(0, 0) 6= 0, the ideals
(
∂
∂X˜
(f ◦ Φ), ∂
∂Y˜
(f ◦ Φ)
)
and(
∂f
∂X ◦ Φ, ∂f∂Y ◦ Φ
)
are equal. Thus we get µ0(f ◦ Φ) = i0
(
∂f
∂X ◦ Φ, ∂f∂Y ◦ Φ
)
=
i0
(
∂f
∂X ,
∂f
∂Y
)
= µ0(f).
The following lemma, due to Teissier ( [31, Chap. II, The´ore`me 5]; [32,
Chap. II, Prop. 1.2]) plays a crucial role in what follows. It is a particular case
of a formula proved in [31] in the case of hypersurfaces.
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Lemma 2.3 (Teissier’s lemma). Let f ∈ C{X,Y }, f(0, 0) = 0 be such that
f(0, Y ) 6= 0. Then
i0
(
f,
∂f
∂Y
)
= µ0(f) + i0(f,X)− 1.
Proof. Using Property 2.1, it is easy to check that i0
(
f, ∂f∂Y
)
= +∞
if and only if µ0(f) = +∞. Suppose that µ0(f) < +∞ and ∂f∂Y (0, 0) = 0 (if
∂f
∂Y (0, 0) 6= 0 then the lemma is obvious). Write ∂f∂Y = g1 · · · gm with irreducible
gi ∈ C{X,Y }. Let (xi(ti), yi(ti)) ∈ C{ti}2 be a good parametrization of the
branch gi = 0. Differentiating and taking orders give ord f(xi(ti), yi(ti)) =
ord ∂f∂X (xi(ti), yi(ti)) + ordxi(ti) that is i0(f, gi) = i0
(
∂f
∂X , gi
)
+ i0(X, gi) for
i = 1, . . . ,m. Summing up the obtained equalities we get i0
(
f, ∂f∂Y
)
= µ0(f)+
i0
(
X, ∂f∂Y
)
and the lemma follows, since i0
(
X, ∂f∂Y
)
= i0(X, f)− 1.
Property 2.4. Let f ∈ C{X,Y }, f(0, 0) = 0 be a power series without
multiple factors. Then
(i) g = f ·unit implies µ0(g) = µ0(f),
(ii) if f = f1 · · · fm, fi(0) = 0 and fi are pairwise coprime, then
µ0(f) +m− 1 =
m∑
i=1
µ0(fi) + 2
∑
1≤i<j≤m
i0(fi, fj).
Proof. We may assume that f(0, Y ) 6= 0 in C{Y }.
(i) It is easy to check that i0
(
g, ∂g∂Y
)
= i0
(
f, ∂f∂Y
)
and i0(g,X) = i0(f,X).
Then µ0(g) = µ0(f) by Teissier’s lemma.
(ii) The basic properties of intersection multiplicity give
i0
(
f,
∂f
∂Y
)
=
m∑
i=1
i0
(
fi,
∂fi
∂Y
)
+ 2
∑
1≤i<j≤m
i0(fi, fj),
i0(f,X) =
m∑
i=1
i0(fi, X).
Then we use Teissier’s lemma.
In what follows, we need a lemma due to Jung ( [14, Zehntes Kapitel, § 4,
S. 181]).
Lemma 2.5 (Jung’s lemma). Let f(X,Y ) = Y n + a1(X)Y
n−1 + · · · +
an(X) ∈ C{X}[Y ] be a distinguished irreducible polynomial of degree n > 1.
14
Let D(X) = discY f(X,Y ) be the discriminant of f . Then ordD(X) ≡ n − 1
(mod 2).
Proof. Let ε0 be a primitive n-th root of unity. Then by the Puiseux
Theorem f(tn, Y ) =
n−1∏
k=0
(Y − y(εk0t)), where y(t) ∈ C{t}.
Let Vn(T1, . . . , Tn) =
∏
1≤i<j≤n
(Ti − Tj).
Then D(tn) = discY f(t
n, Y ) = vn(t)
2, where vn(t) = Vn(y(t), y(ε0t), . . . ,
y(εn−10 t)). It is easy to check that vn(ε0t) = (−1)n−1vn(t). Let us distinguish
two cases.
Case 1. n− 1 ≡ 0 (mod 2).
From vn(ε0t) = vn(t) we get vn(t) ∈ C{tn} i.e. vn(t) = d(tn), where d(X) ∈
C{X}. Thus D(X) = d(X)2 and we get ordD(X) ≡ 0 (mod 2).
Case 2. n− 1 ≡ 1 (mod 2).
Then vn(ε0t) = −vn(t) which implies vn(t) ∈ tn2C{tn} i.e. vn(t) = tn2 d1(tn),
where d1(X) ∈ C{X}. Thus D(X) = Xd1(X)2 and ordD(X) ≡ 1 (mod 2).
Summing up we get ordD(X) ≡ n− 1 (mod 2).
Now we can prove
Theorem 2.6. Let r0(f) be the number of branches of the reduced local
curve f = 0. Then
µ0(f) + r0(f)− 1 ≡ 0 (mod 2).
Proof. Suppose that f is an irreducible power series. By the Weierstrass
Preparation Theorem it suffices to consider the case where f=Y n+a1(X)Y
n−1+
· · ·+ an(X) is a distinguished polynomial. Let D(X) = discY f(X,Y ). By the
classical formula for the intersection multiplicity, i0
(
f, ∂f∂Y
)
= ordD(X). Thus
by Jung’s lemma i0
(
f, ∂f∂Y
)
≡ n− 1 (mod 2) and by Teissier’s lemma we get
µ0(f) = i0
(
f, ∂f∂Y
)
− n+ 1 ≡ 0 (mod 2).
We get the general case from Property 2.4 (ii) applied to the decomposition
of f : f = f1 · · · fr, r = r0(f) into irreducible factors fi.
For any reduced power series f ∈ C{X,Y } we put
δ0(f) =
1
2
(µ0(f) + r0(f)− 1)
and call δ0(f) the double point number of the local curve f = 0.
From the properties of the Milnor number we get
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Proposition 2.7.
(i) δ0(f) ≥ 0 is an integer, δ0(f) = 0 if and only if f = 0 is nonsingular,
(ii) δ0(f ◦ Φ) = δ0(f) for any local system of coordinates Φ,
(iii) δ0(
∏m
i=1 fi) =
∑m
i=1 δ0(fi) +
∑
1≤i<j≤m i0(fi, fj) where fi are coprime
power series.
Remark 2.8. The reduced curve f = 0 has an ordinary r-fold singularity if
it has r branches, all nonsingular and intersecting each other with multiplicity
1. For such a curve we have µ0 = (r − 1)2 and δ0 = 12r(r − 1).
Assume that f ∈ C{X,Y } is a power series with no multiple factors. If
f = f1 · · · fr is a product of irreducible factors fi ∈ C{X,Y }, then we set
ci(f) = µ0(fi) +
∑
j 6=i
i0(fi, fj) for i = 1, . . . , r.
A curve Ψ = 0 is said to be an adjoint to f = 0 if
i0(fi,Ψ) ≥ ci(f) for i = 1, . . . , r.
Remark 2.9. Let f = 0 be an ordinary r-fold singularity. Then Ψ = 0 is
an adjoint to f = 0 if and only if ord Ψ ≥ r − 1.
The following result is known as Noether’s Theorem on the double-point
divisor. Let g, h ∈ C{X,Y }.
Theorem 2.10. Suppose that the local curves f = 0 and g = 0 have no
common component. If h satisfies Noether’s conditions
i0(fi, h) ≥ i0(fi, g) + ci(f) for i = 1, . . . , r
then h belongs to the ideal generated by f, g in the ring C{X,Y }.
Let us write h = Φf + Ψg with Φ,Ψ ∈ C{X,Y }. Then Noether’s condi-
tions imply that Ψ = 0 is an adjoint to f = 0. In connection with Noether’s
Theorem let us note
Theorem 2.11. Let f ∈ C{X,Y } be an irreducible power series. Then
there does not exist Ψ ∈ C{X,Y } such that i0(f,Ψ) = µ0(f) − 1. Let h ∈
C{X,Y } be such that i0(f, h) = i0(f, g) + µ0(f)− 1, then h /∈ (f, g)C{X,Y }.
The second part of (2.11) follows easily from the first. Indeed, if we had
h = Φf + Ψg with Φ,Ψ ∈ C{X,Y } and i0(f, h) = i0(f, g) +µ0(f)− 1, then we
would get io(f,Ψ) = µ0(f)− 1, a contradiction with the first part of (2.11).
Let us now pass to the proofs of Theorems (2.10) and (2.11).
Let F (u, Y ), G(u, Y ), H(u, Y ) ∈ C{u}[Y ] where u is a variable. Assume that
F (u, Y ) =
∏n
i=1 (Y − yi(u)) in C{u}[Y ] and yi(u) 6= yj(u) for i 6= j.
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Lemma 2.12. If ordH(u, yi(u)) ≥ ord ∂F∂Y (u, yi(u))G(u, yi(u)) for i =
1, . . . , n, then H(u, Y ) ∈ (F (u, Y ), G(u, Y ))C{u}[Y ].
Proof. Let
Ψ(u, Y ) =
n∑
i=1
H(u, yi(u))
∂F
∂Y (u, yi(u))G(u, yi(u))
F (u, Y )
(Y − yi(u)) .
Then Ψ(u, Y ) ∈ C{u}[Y ] and H(u, yi(u)) = Ψ(u, yi(u))G(u, yi(u)) for i =
1, . . . , n. Therefore, H(u, Y ) ≡ Ψ(u, Y )G(u, Y ) mod (Y − yi(u)) for i =
1, . . . , n and H(u, Y ) ≡ Ψ(u, Y )G(u, Y ) mod F (u, Y ) what implies H(u, Y ) ∈
(F (u, Y ), G(u, Y ))C{u}[Y ].
Lemma 2.13. If Ψ(u, Y ) = Ψ0(u)Y
n−1 + · · ·+ Ψn−1(u) ∈ C{u}[Y ], then
n∑
i=1
Ψ(u, yi(u))
∂F
∂Y (u, yi(u))
= Ψ0(u).
Proof. The lemma follows immediately from the Lagrange interpolation
formula.
Proof of Theorem 2.10. (cf. [38, Achtes Kapitel]).
We may assume that fi = fi(X,Y ) are Y -distinguished polynomials and (after
replacing g, h by the remainders of division by f) g, h ∈ C{X}[Y ].
We have
i0(fi, g) + ci(f) = i0(fi, g) + µ0(fi) +
∑
j 6=i
i0(fi, fj)
= i0(fi, g)− i0(fi, X) + 1 + i0
(
fi,
∂fi
∂Y
)
+
∑
j 6=i
i0(fi, fj)
= i0(fi, g)− i0(fi, X) + 1 + i0
(
fi,
∂f
∂Y
)
by Teissier’s lemma.
Let ni = i0(fi, X) for i = 1, . . . , r. The Noether conditions are equivalent to
(1) i0(fi, h) ≥ i0(fi, g) + i0
(
fi,
∂f
∂Y
)
− ni + 1 for i = 1, . . . , r.
By Puiseux’ Theorem we can write
fi(t
ni , Y ) = (Y − yi1(t)) · · · (Y − yini(t)) in C{t}[Y ],
where yi1(t), . . . , yini(t) are C{tni}-conjugate, i.e. yij(t) = yi1(εjt) for some εj
such that εnij = 1. Thus for every h(X,Y ) ∈ C{X,Y }:
ordh(tni , yi1(t)) = · · · = ordh(tni , yini(t)) = i0(fi, h)
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and we can rewrite (1) in the form
(2) ordh(tni , yij(t)) ≥ ord g(tni , yij(t)) + ord ∂f
∂Y
(tni , yij(t))− ni + 1
or else
(3) ord(tni−1h(tni , yij(t)) ≥ ord g(tni , yij(t)) ∂f
∂Y
(tn, yij(t)).
Let N = n1 · · ·nr and yij(u) = yij(uN/ni) for i = 1, . . . , r. Obviously, Nni (ni −
1) ≤ N − 1. Therefore (3) implies
(4) ord(uN−1h(uN , yij(u))) ≥ ord g(uN , yij(u))
∂f
∂Y
(uN , yij(u))
and we can apply Lemma 2.12 to the polynomials
F (u, Y ) = f(uN , Y ) =
∏
(Y − yij(u)), G(u, Y ) = g(uN , Y )
and H(u, Y ) = uN−1h(uN , Y ).
We get
uN−1H(uN , Y ) ∈ (f(uN , Y ), g(uN , Y ))C{u}[Y ].
It is easy to check that C{u}[Y ] = ∑N−1i=0 C{uN}Y i is a free C{uN}[Y ]-module,
so
h(uN , Y ) ∈ (f(uN , Y ), g(uN , Y ))C{u}[Y ]
and consequently h(X,Y ) ∈ (f(X,Y ), g(X,Y )C{X}[Y ].
Proof of Theorem 2.11. Suppose that there is a Ψ=Ψ(X,Y )∈C{X,Y }
such that
(5) i0(f,Ψ) = µ0(f)− 1.
We may assume that f = f(X,Y ) is a Y -distinguished polynomial of degree
n ≥ 1 and Ψ ∈ C{X}[Y ] a polynomial of Y -degree ≤ n − 1. By Teissier’s
lemma we can rewrite (5) in the form
(6) i0(f,XΨ) = i0(f,
∂f
∂Y
).
By Puiseux Theorem, f(un, Y ) =
∏
εn=1 (Y − y(εu)).
Then (6) is equivalent to
(7) ordunΨ(un, y(u)) = ord
∂f
∂Y
(un, y(u)).
By (7) we can write in(unΨ(un, y(u))) = c1u
N (c1 6= 0) and in ∂f∂Y (un, y(u)) =
c2u
N (c2 6= 0) where N = i0
(
f, ∂f∂Y
)
. Therefore, we get
(8) in
unΨ(un, y(εu))
∂f
∂Y (u
n, y(εu))
=
c1ε
NuN
c2εNuN
= c, c =
c1
c2
.
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On the other hand, by Lemma 2.13 applied to Ψ(un, Y ) and f(un, Y ) we have
(9)
∑
εn=1
unΨ(un, y(εu))
∂f
∂Y (u
n, y(εu))
= unΨ0(u
n).
A contradiction, because the left-hand side of (9) is of order zero by (8).
In what follows, we will need
Lemma 2.14. Let f ∈ C{X,Y } be an irreducible power series. Then for
any integer a ∈ Z there exists power series φ, ψ ∈ C{X,Y } such that a =
i0(f, φ)− i0(f, ψ).
Proof. Let (x(t), y(t)) be a good parametrization of the branch f = 0.
Then the rings C{x(t), y(t)} and C{t} have the same field of fractions (see [15,
Theorem 5.1.3.]). Then ta = φ(x(t),y(t))ψ(x(t),y(t)) for some φ, ψ ∈ C{X,Y } and taking
orders gives a = i0(f, φ)− i0(f, ψ).
Theorem 2.15. The semigroup Γ(f) of the branch f = 0 contains all
integers greater than or equal to the Milnor number µ0(f). The number µ0(f)−
1 does not belong to Γ(f).
Proof. Let a be an integer such that a ≥ µ0(f). By Lemma 2.14 we
can write a = i0(f, φ) − i0(f, ψ) for some φ, ψ ∈ C{X,Y }. Then i0(f, φ) =
i0(f, ψ) + a ≥ i0(f, ψ) + µ0(f) and by Noether’s Theorem φ = Af + Bψ for
some A,B ∈ C{X,Y }. Thus a = i0(f,Af + Bψ)− i0(f, ψ) = i0(f,B) ∈ Γ(f)
and we are done.
The second part of 2.15 follows immediately from Theorem 2.11.
Using Theorem 2.15 and Property 2.4 (ii) we get
Theorem 2.16. The Milnor number is an invariant of singularity.
Notes
Milnor introduced and studied µ in the general case of isolated hipersurface
singularities in his celebrated book [26]. A topological treatment of the Milnor
number in the case of plane curve singularities is given in [37]. The invariant
δ was defined in algebraical terms by Hironaka in [13]. The formula 2δ =
µ + r − 1, which in our approach served as the definition of δ, was proved
in [26] by topological methods and in [30] in an algebraic way. The classical
texts [14] and [38] where the Milnor number is implicit were very helpful when
writing this article. Teissier’s lemma has interesting generalizations involving
the Jacobian (see the articles by Leˆ Dung Trang and Greuel quoted in [33]).
For application of the Milnor number to singularities of plane algebraic curves
see [12,24] and the references given therein.
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3. Newton diagrams and power series
Let R+ = {a ∈ R : a ≥ 0}. For any subsets E,F ⊂ R2+, we consider
the Minkowski sum E + F = {u + v : u ∈ E and v ∈ F}. Let E ⊂ N2
and let us denote by ∆(E) the convex hull of the set E + R2+. A subset
∆ ⊂ R2+ is a Newton diagram (or polygon) if there is a set E ⊂ N2 such that
∆ = ∆(E). The smallest set E0 ⊂ N2 such that ∆ = ∆(E0) is called the
set of vertices of the Newton diagram ∆. It is always finite and we can write
E0 = {v0, v1, . . . , vm} where vi = (αi, βi) and αi−1 < αi, βi−1 > βi for all
i = 1, . . . ,m. The Newton diagram with one vertex v = (α, β) is the quadrant
(α, β) +R2+. After Teissier (see [33,34]), for two positive integers a, b, by
{
a
b
}
we denote the Newton diagram with vertices (0, b) and (a, 0). We also denote
by
{
a
∞
}
and
{
∞
b
}
the quadrant with vertex (a, 0) and (0, b), respectively.
Figure 1.
We call a segment E ⊂ R2+ a Newton edge if its vertices (α, β), (α′, β′) lie in
N2 and α < α′, β′ < β. We put |E|1 = α′ − α and |E|2 = β − β′ and call
|E|1/|E|2 the inclination of E. We denote by a(E) and b(E) the distances of
E to the vertical and horizontal axes respectively.
Figure 2.
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The vertices of a Newton edge E are (a(E), |E|2+b(E)) and (a(E)+|E|1, b(E)).
For any Newton diagram ∆ we consider the set n(∆) of 1-dimensional compact
faces of the boundary of ∆. Note that n(∆) = ∅ if and only if ∆ is a quadrant.
If ∆ has vertices v0, . . . , vm (m > 0) then n(∆) = {E1, . . . , Em} where Ei is
the edge with vertices vi−1, vi.
Let a(∆) and b(∆) denote the distances of ∆ to the vertical and horizontal
axes respectively. The diagram is convenient if a(∆) = b(∆) = 0. The reader
will check the following two properties of Newton diagrams.
Property 3.1. The Newton diagrams form a semigroup with respect to
the Minkowski sum. For any Newton diagram ∆ there is the minimal de-
composition
(∗) ∆ =
{
a(∆)
∞
}
+
∑
S∈n(∆)
{
|S|1
|S|2
}
+
{
∞
b(∆)
}
.
Property 3.2. The line with the slope −1/θ (θ > 0) supporting the Newton
diagram ∆ with the minimal decomposition (∗) intersects the horizontal axis
at the point with abscissa
a(∆) +
∑
S∈n(∆)
inf{|S|1, θ|S|2}+ θb(∆).
Figure 3. α+ θβ = ν
For any nonzero power series f =
∑
cαβX
αY β ∈ C{X,Y } we put ∆(f) =
∆(supp f) and N (f) = n(∆(f)). We call ∆(f) the Newton diagram of f . The
following property is of key importance.
Property 3.3. For any nonzero power series f, g ∈ C{X,Y }:
∆(fg) = ∆(f) + ∆(g).
We refer the reader to [22] for a proof of 3.3.
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In particular, if g = f · unit, then ∆(g) = ∆(f) since ∆(u) = R2+ (the zero
of the semigroup of Newton’s diagrams) if u(0) 6= 0 and we may speak about
the Newton diagram of the local curve f = 0. A power series f is convenient
if the diagram ∆(f) is convenient. Obviously, f is convenient if and only if the
branches of the curve f = 0 are different from axes.
Observe that n(f) = ∅ if and only if f = Xα0Y β0 · unit. Suppose that
n(f) 6= ∅. For any face S ∈ n(f) we consider the initial part in(f, S) of f
corresponding to S:
in(f, S) =
∑
(α,β)∈S
cαβX
αY β.
Note that n(in(f, S)) = S. If a(S) and b(S) are the distances of S to the
axes, then Xa(S)Y b(S) is the monomial of maximal degree dividing in(f, S).
Let r(S) = gcd(|S|1, |S|2). Then r(S) = #(S ∩ N2)− 1. Let mS = |S|1/r(S),
nS = |S|2/r(S). It is easy to check that
in(f, S) = Xa(S)Y b(S)ΦS(X
mS , Y nS ),
where ΦS(U, V ) ∈ C[U, V ] is a homogeneous form of degree r(S) such that
ΦS(U, 0)ΦS(0, V ) 6= 0 in C[U, V ]. Therefore, we may write
in(f, S) = cXa(S)Y b(S)
r∏
i=1
(Y nS − aiXmS )di ,
where ai 6= aj for i 6= j, c 6= 0 are constants.
We put r(f, S) = r. Since r(S) =
∑r
i=1 di, then r(f, S) ≤ r(S) with
equality if and only if d1 = . . . = dr = 1. We say that f is nondegenerate
on S if r(f, S) = r(S). A power series f is nondegenerate on S if and only
if the system of equations ∂∂X in(f, S) =
∂
∂Y in(f, S) = 0 has no solutions in
(C\{0})×(C\{0}). The power series f is nondegenerate if it is nondegenerate
on each S ∈ n(f). A binomial curve Y n−aXm = 0, gcd(n,m) = 1, a 6= 0, will
be called a quasi-tangent to f = 0 of (tangential) multiplicity d if Y n−aXm is a
factor of multiplicity d of the initial form in(f, S). We say that Y nS−aiXmS =
0, i = 1, . . . , r, are quasi-tangents to f = 0 corresponding to the face S ∈ n(f).
Remark 3.4. If ord f(X, 0) = ord f(0, Y ) = ord f (this condition means
that the axes Y = 0 and X = 0 are not tangent to the curve f = 0) then
∆(f) =
{
ord f
ord f
}
and the initial form corresponding to the unique face of ∆(f)
is in f = c
∏r
i=1 (Y − aiX)di where ai 6= aj for i 6= j. In this case the quasi-
tangents to f = 0 are ordinary tangents Y − aiX = 0, i = 1, . . . , r.
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Remark 3.5. If f ∈ C{X,Y } is a convenient power series, then the local
curve f = 0 has exactly one quasi-tangent if and only if
f = c(Y n − aXm)d +
∑
cαβX
αY β, gcd(n,m) = 1,
where the summation is over (α, β) such that αn+ βm > dmn.
We have ∆(f) =
{
i0(f, Y )
i0(f,X)
}
=
{
md
nd
}
.
Remark 3.6. Let mult(f, τ) be the tangential multiplicity of the quasi-
tangent τ to the local curve f = 0. We put mult(f, τ) = 0 if a binomial curve
τ is not a quasi-tangent to f = 0. Then, for any nonzero power series f, g:
mult(fg, τ) = mult(f, τ) + mult(g, τ).
Notes
An interesting algebra of the Newton diagrams is developed in [33]. Newton
introduced his diagrams to solve equations f(X,Y ) = 0 (see [2]). The notion of
nondegeneracy appeared in a very general setting in [16,18,35]. The authors
are responsible for the term “quasi-tangent.”
4. Newton transformations and factorization of power series
Let n,m > 0 be coprime integers and let c 6= 0 be a complex number.
The Newton transformation (in short: the N-transformation) is defined by the
following equations
X = Xn1 ,
Y = (c+ Y1)X
m
1 ,
(10)
where (X1, Y1) are new variables.
N-transformation (10) may be viewed as a deformation of the parametrization
X = Xn1 ,
Y = cXm1
(11)
of the binomial curve Y n − cnXm = 0.
We omit the simple proof of the following
Lemma 4.1. Let f = f(X,Y ) ∈ C{X,Y } be a nonzero power series with-
out constant term. Then there is a unique power series f1 = f1(X1, Y1) ∈
C{X1, Y1} and an integer k > 0 such that
f(Xn1 , (c+ Y1)X
m
1 ) = X
k
1 f1(X1, Y1), f1(0, Y1) 6= 0
in C{X1, Y1}.
The line αn + βm = k is a supporting line of ∆(f). Moreover, the series
f1 is without constant term if and only if the curve Y
n − cnXm = 0 is a
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quasi-tangent to curve f = 0. Its tangential multiplicity equals i0(f1, X1) =
ord(f1(0, Y1)).
In what follows we call f1 = f1(X1, Y1) the strict transform of the series
f = f(X,Y ) by N-transformation (10).
The following lemma gives a necessary condition for a power series to be
irreducible.
Lemma 4.2. Let f = f(X,Y ) ∈ C{X,Y } be a convenient irreducible power
series. Then the local curve f = 0 has exactly one quasi-tangent.
Proof. Let N = ord f(0, Y ), M = ord f(X, 0). By the Weierstrass Prepa-
ration Theorem, f = (Y N+a1(X)Y
N−1+· · ·+aN (X))·unit. By Puiseux Theo-
rem Y N +a1(t
N )Y N−1+· · ·+aN (tN ) =
∏
εN=1 (Y − y(εt)), where y(t) ∈ C{t}.
A simple calculation shows that ord ai(X) ≥ iMN with equality for i = N .
Therefore, ∆(f) =
{
M
N
}
. Let I = {i ∈ [1, N ] : ord ai = iMN }. Then
the initial form of f corresponding to the unique face of ∆(f) is equal to
const.(Y N +
∑
i∈I in ai(X)Y
N−i) = const.(Y n − cnXm)d where N = nd,
M = md and in y(t) = ctM . This proves the lemma.
We can use the N-transformations to verify in a finite number of steps if
a power series is irreducible.
Lemma 4.3. Suppose that f = f(X,Y ) ∈ C{X,Y } is a convenient power
series such that the curve f = 0 has exactly one quasi-tangent Y n−cnXm = 0.
Let f1 = f1(X1, Y1) ∈ C{X1, Y1} be the strict transform of f = f(X,Y ) by N-
transformation (10). Then f is irreducible if and only if f1 is irreducible.
Proof. Let d be the tangential multiplicity of the quasi-tangent Y n −
cnXm = 0. Then ord f1(0, Y1) = d. First assume that f = f(X,Y ) is an
irreducible power series. Let (te, ϕ(t)) be a Puiseux parametrization of an
irreducible factor of f1(X1, Y1). Then e ≤ ord f1(0, Y1) = d. On the other
hand, by the definition of the strict transform, we get f(ten, ctem+temϕ(t)) = 0
in C{t}. Since f is irreducible, we get en ≥ ord f(0, Y ) = dn and e ≥ d. Thus
e = d and f1 is an irreducible power series.
To check that the irreducibility of f1 implies the irreducibility of f , assume
that f1 is irreducible. Then the branch f1 = 0 has a Puiseux parametrization
(td, ϕ(t)) where d = ord f1(0, Y ). By the definition of the strict transform we
get f(tdn, ctdm + tdmϕ(t)) = 0 in C{t}. Since ord f(0, Y ) = dn, it suffices
to check that (tdn, ctdm + tdmϕ(t)) is a Puiseux parametrization. We have
gcd(dn, supp(ctdm + tdmϕ(t))) = 1 since gcd(d, suppϕ(t)) = 1. Therefore, the
power series f is irreducible.
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Corollary 4.4. Every power series f of the form f = Y n − aXm +∑
cαβX
αY β, gcd(n,m) = 1, where the summation is over (α, β) such that
αn+ βm > nm, is irreducible.
Proof. The strict transform f1 of f by N-transformation (10) with c such
that cn = a is of order 1, since ∂f1∂Y1 (0, 0) 6= 0. Therefore, by Lemma 4.3 the
series f is irreducible.
Example 4.5 (see [19]). Let f = (X2 − Y 3)2 − Y 7 and g = (X2 − Y 3)2 −
XY 5. The both series have the unique quasi-tangent Y 3−X2 = 0 (of tangential
multiplicity 2). The strict transforms of f and g by the N-transformation
X = X31 , Y = (1 + Y1)X
2
1 are f1(X1, Y1) = (3Y1)
2 −X21 + terms of order > 2
and g1(X1, Y1) = −X1+ terms of order > 1. Thus by Lemma 4.3 the series f
is reducible (since f1 has two tangents) and the series g is irreducible.
With any binomial curve τ : Y n − aXm = 0, a 6= 0, gcd(n,m) = 1, we
associate the N-transformation
X = Xnτ ,
Y = (a1/n + Yτ )X
m
τ ,
where (Xτ , Yτ ) are new variables and a
1/n = |a|1/n exp(iαn ) if a = |a| exp(iα)
with 0 ≤ α < 2pi. We denote by fτ = fτ (Xτ , Yτ ) the strict transform of
f = f(X,Y ) by the N-transformation associated with τ .
The following property follows easily from the definitions.
Property 4.6. Let f, g be nonzero power series without constant terms.
Then
(i) a binomial curve τ is a quasi-tangent to the curve f = 0 if and only if
fτ (0) = 0,
(ii) (fg)τ = fτgτ for any binomial curve τ ,
(iii) if f = f1 · · · fr is a decomposition of f into irreducible factors, then for
any binomial curve τ , τ is a quasi-tangent to the curve f = 0 if and
only if τ is a quasi-tangent to a branch fi = 0 for some i ∈ {1, . . . , r}.
If f = f1 · · · fr is a decomposition of a nonzero power series f without
constant term into irreducible factors, then we put r0(f) = r, i.e. r0(f) is the
number of irreducible factors of f counted with multiplicities.
Proposition 4.7. If f ∈ C{X,Y } is a convenient power series, then
r0(f) =
∑
τ r0(fτ ), where the summation is over all quasi-tangents τ to the
curve f = 0.
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Proof. Let f = f1 · · · fr be a factorization of f into irreducible factors fi.
Let τ be a quasi-tangent to f = 0 and let
Iτ = {i ∈ [1, r] : the branch fi = 0 has the quasi-tangent τ}.
Thus the sets Iτ are nonempty, pairwise disjoint and
⋃
τ
Iτ = [1, r].
Let Icτ = [1, r] \ Iτ . By Property 4.6 (ii) we get fτ =
∏
i∈Iτ (fi)τ · unit, since
(fi)τ (0) 6= 0 for i ∈ Icτ . Therefore, we obtain r0(fτ ) =
∑
i∈Iτ r0((fi)τ ) =
#Iτ since r0((fi)τ ) = 1 for i ∈ Iτ by Lemma 4.2 and we have
∑
τ r0(fτ ) =∑
τ (#Iτ ) = #[1, r] = r = r0(f).
For any convenient power series f ∈ C{X,Y } we put
r(f,∆(f)) =
∑
S∈n(f)
r(f, S) = the number of quasi-tangents to the curve f = 0
r(∆(f)) =
∑
S∈n(f)
r(S) = the number of quasi-tangents counted with
tangential multiplicities to the curve f = 0.
Obviously, r(f,∆(f)) ≤ r(∆(f)) with equality if and only if f is nonde-
generate. Note also that r(∆(f)) = the number of integral points lying on⋃
n(f)− 1. Hence the integral points divide ⋃n(f) into r(∆(f)) segments.
Proposition 4.8. For any convenient power series f ∈ C{X,Y } we have
r(f,∆(f)) ≤ r0(f) ≤ r(∆(f)).
If f is nondegenerate, then r0(f) = r(∆(f)) and the quasi-tangents to the
branches of the local curve f = 0 have tangential multiplicity equal to 1. Dif-
ferent branches have different quasi-tangents.
Proof. By Proposition 4.7 we have r0(f) =
∑
τ r0(fτ ). Therefore,
r0(f,∆(f)) =
∑
τ 1 ≤ r0(f) ≤
∑
τ ord fτ ≤
∑
τ ord fτ (0, Yτ ) = r(∆(f)) since
ord fτ (0, Yτ ) equals the tangential multiplicity of τ (by Lemma 4.1) and the
number of quasi-tangents counted with multiplicities associated with the face S
is equal to r(S). Suppose that f is nondegenerate. Then r(f,∆(f)) = r(∆(f))
and r(f) = r(∆(f)) by the first part of the proposition. We have mult(f, τ) =∏r
i=1 mult(fi, τ) by Remark 3.6 and the assertion about the branches of the
local curve f = 0 follows.
Example 4.9. Let f = X7 +X5Y +X3Y 2 + 2X2Y 3 +XY 4 + Y 6. Then
the local curve f = 0 has four quasi-tangents: Y 2 + X = 0, Y − εX2 = 0,
Y − εX2 = 0, (ε2 + ε+ 1 = 0), Y +X = 0. The quasi-tangent τ : Y +X = 0
is of tangential multiplicity 2, the remaining quasi-tangents are of tangential
multiplicity 1. Then 4 ≤ r0(f) ≤ 5. By Proposition 4.8, r0(f) = 3 + r0(fτ ).
To calculate r0(fτ ) we use the N-transformation X = Xτ , Y = (−1 + Yτ )Xτ .
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We get f(Xτ , (−1 + Yτ )Xτ ) = X5τ fτ (Xτ , Yτ ), where fτ = −Xτ+higher order
terms. We have ord fτ = 1 and fτ is irreducible, i.e. r0(fτ ) = 1. Consequently,
r0(f) = 3 + 1 = 4.
Notes
Although the Newton transformations appear when using the Newton algo-
rithm [6,15,23], a systematic treatment of this notion was given quite recently
in [5].
5. Newton transformations, intersection multiplicity and the
Milnor number
The Minkowski double area [∆,∆′] ∈ N∪{∞} of the pair ∆,∆′ of Newton
diagrams is uniquely determined by the following conditions
(M1) [∆1 + ∆2,∆
′] = [∆1,∆′] + [∆2,∆′],
(M2) [∆,∆′] = [∆′,∆],
(M3)
[{
a
b
}
,
{
a′
b′
}]
= inf{ab′, a′b}.
Lemma 5.1. If ∆ =
∑
S∈n(∆)
{
|S|1
|S|2
}
is a convenient Newton diagram then
(i) [∆,∆] = 2 area (R2+ \∆)
(ii) [∆,∆] =
∑
S∈n(∆)
(|S|1|S|2 + a(S)|S|2 + b(S)|S|1).
Proof. By (M1) and (M3) we get
[∆,∆] =
∑
S,T∈n(∆)
inf{|S|1|T |2, |S|2|T |1)},
which implies (i).
To check (ii) observe that |S|1|S|2 + a(S)|S|2 + b(S)|S|1 equals to the double
area of triangle with vertices (0, 0), (a(S), |S|2 + b(S)) and (a(S) + |S|1, b(S))
and use (i).
Lemma 5.2. Let ∆ be a Newton diagram. Then for every of Newton’s edge
E the supporting line of ∆ parallel to E is described by the equation
|E|2α+ |E|1β =
[{
|E|1
|E|2
}
,∆
]
.
Proof. The lemma follows from Property 3.2 by putting θ = |E|1|E|2 into the
formula for the abscissa of the point at which the supporting line intersects
the axis β = 0.
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Theorem 5.3. Let f be a nonzero power series without constant term.
Then for every convenient power series h:
i0(f, h) = [∆(f),∆(h)] +
∑
τ
i0(fτ , hτ ),
where the summation is over all quasi-tangents τ to the curve h = 0.
Proof. Fix a nonzero power series f without constant term. It is easy to
check that if the theorem is true for two power series h1, h2, then it is true for
their product h1h2. Thus it suffices to prove the theorem for irreducible power
series h.
Let h be a convenient irreducible power series and let τ : Y n − aXm = 0
be the unique quasi-tangent to the branch h = 0 of tangential multiplicity d.
Let c = a1/n. Then ∆(h) =
{
dn
dm
}
, h(Xnτ , (c + Yτ )X
m
τ ) = X
dmn
τ hτ (Xτ , Yτ ),
ordhτ (0, Yτ ) = d and f(X
n
τ , (c + Yτ )X
m
τ ) = X
k
τ fτ (Xτ , Yτ ), fτ (0, Yτ ) 6= 0 in
C{Yτ}.
Let (td, ϕ(t)) be a Puiseux parametrization of hτ (Xτ , Yτ ) = 0.
Then (tdn, (c+ ϕ(t)tdm) is a Puiseux parametrization of h(X,Y ) = 0 and
i0(f, h) = ord f(t
dn, (c+ ϕ(t))tdm) = dk + ord fτ (t
d, ϕ(t)) = dk + i0(fτ , hτ ) =
= [∆(h),∆(f)] + i0(fτ , hτ ) by Lemma 5.2, since αdn + βdm = dk is the sup-
porting line of ∆(f) parallel to the unique face of ∆(h).
Example 5.4. Let f = Y 3+X4Y−X7, g = XY−(X2+Y 2)2. Then ∆(f) ={
4
2
}
+
{
3
1
}
, ∆(g) =
{
1
3
}
+
{
3
1
}
and [∆(f),∆(g)] = inf{4 · 3, 1 · 2}+ inf{4 ·
1, 2 ·3}+inf{3 ·3, 1 ·1}+inf{3 ·1, 1 ·3} = 10. The local curves f = 0 and g = 0
have exactly one common quasi-tangent τ : Y −X3 = 0. The N-transformation
associated with τ is X = Xτ , Y = (1 + Yτ )X
3
τ . A simple calculation shows
that fτ = Yτ + (1 + Yτ )
3X2τ and gτ = Yτ − 2X4τ (1 + Yτ )2 − (1 + Yτ )3X5τ .
Thus, ∆(fτ ) =
{
2
1
}
, ∆(gτ ) =
{
4
1
}
, the local curves fτ = 0, gτ = 0 have no
common quasi-tangent and i0(fτ , gτ ) = [∆(fτ ),∆(gτ )] = inf{2 · 1, 1 · 4} = 2.
By Theorem 5.3 we get i0(f, g) = [∆(f),∆(g)] + [∆(fτ ),∆(gτ )] = 10 + 2 = 12.
A pair of power series f, h is nondegenerate if the local curves f = 0,
h = 0 have no common quasi-tangent. It is easy to check that the pair f, h is
nondegenerate if and only if for S ∈ n(f) and T ∈ n(h) there is:
(a) either S and T are not parallel, i.e. |S|1|T |2 6= |S|2|T |1, or
(b) the faces S and T are parallel and the system of equations in(f, S)(X,Y )=
0, in(h, T )(X,Y ) = 0 has no solutions in (C \ {0})× (C \ {0}).
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Corollary 5.5 (see [1,17]). Let f, h be nonzero power series without con-
stant terms. Suppose that f or h is convenient. Then i0(f, h) ≥ [∆(f),∆(h)]
with equality if and only if the pair (f, h) is nondegenerate.
For any convenient Newton diagram ∆ =
∑
S∈n(∆)
{
|S|1
|S|2
}
we put |∆|1 =∑
S∈n(∆) |S|1, |∆|2 =
∑
S∈n(∆) |S|2. Then ∆ intersects the axes at the points
(0, |∆|2) and (|∆|1, 0).
Theorem 5.6. For any convenient power series h ∈ C{X,Y }:
i0
(
h,
∂h
∂Y
)
= [∆(h),∆(h)]− |∆(h)|1 +
∑
τ
i0
(
hτ ,
∂hτ
∂Yτ
)
,
where the summation is over all quasi-tangents τ to the local curve h = 0.
Proof. We may assume that ∂h∂Y (0, 0) = 0. We will check that
(i) [∆(h),∆
(
∂h
∂Y
)
] = [∆(h),∆(h)]− |∆(h)|1,
(ii) if τ is a quasi-tangent to the curve h = 0 then
(
∂h
∂Y
)
τ
= ∂hτ∂Yτ .
Proof of (i). We have [∆(h),∆
(
∂h
∂Y
)
] =
∑
S∈n(∆)
[{
|S|1
|S|2
}
,∆
(
∂h
∂Y
)]
. The line
α|S|2+β|S|1 =
[{
|S|1
|S|2
}
,∆
(
∂h
∂Y
)]
supporting the diagram ∆
(
∂h
∂Y
)
and parallel
to S passes through the point (a(S), |S|2 + b(S)− 1). Thus, a(S)|S|2 + (|S|2 +
b(S)−1)|S|1 =
[{
|S|1
|S|2
}
,∆
(
∂h
∂Y
)]
and we get
[
∆(h),∆
(
∂h
∂Y
)]
=
∑
S(a(S)|S|2+
|S|2|S|1 + b(S)|S|1 − |S|1) = [∆(h),∆(h)]− |∆(h)|1 by Lemma 5.1 (ii).
Proof of (ii). Let τ : Y n − aXm = 0 be a quasi-tangent to the curve h = 0.
Let c = a1/n. There is
( ) h(Xnτ , (c+ Yτ )X
m
τ ) = X
k
τ hτ (Xτ , Yτ ) in C{Xτ , Yτ},
where αn+ βm = k is a supporting line of ∆(h).
Then k > m and the line αn + βm = k − m supports the diagram ∆ ( ∂h∂Y ).
Differentiating ( ) with respect to Yτ , we get
∂h
∂Y (X
n
τ , (c + Yτ )X
m
τ )X
m
τ =
Xkτ
∂hτ
∂Yτ
(Xτ , Yτ ) and
∂h
∂Y (X
n
τ , (c + Yτ )X
m
τ ) = X
k−m
τ
∂hτ
∂Yτ
(Xτ , Yτ ). Therefore,(
∂h
∂Y
)
τ
= ∂hτ∂Yτ and (ii) follows.
Now from Theorem 5.3 and properties (i), (ii) there follows:
i0
(
h,
∂h
∂Y
)
=
[
∆(h),∆
(
∂h
∂Y
)]
+
∑
τ
i0
(
hτ ,
(
∂h
∂Y
)
τ
)
= [∆(h),∆(h)]− |∆(h)|1 +
∑
τ
i0
(
hτ ,
∂hτ
∂Yτ
)
.
29
For any convenient Newton diagram ∆ we put
µ(∆) = [∆,∆]− |∆|1 − |∆|2 + 1,
δ(∆) =
1
2
(µ(∆) + r(∆)− 1).
Theorem 5.7. Let f ∈ C{X,Y } be a convenient power series. Then
(i) µ0(f) = µ0(∆(f)) + r(∆(f)) +
∑
τ (µ0(fτ )− 1),
(ii) δ0(f) = δ(∆(f)) +
∑
τ
δ0(fτ ),
where the summation is over all quasi-tangents τ to the local curve f = 0.
Proof. (i) By Teissier’s lemma and Theorem 5.6 applied to the power
series f we get
µ0(f) = i0
(
f,
∂f
∂Y
)
− i0(f,X) + 1
= [∆(f),∆(f)]− |∆(f)|1 − |∆(f)|2 + 1 +
∑
τ
i0
(
fτ ,
∂fτ
∂Yτ
)
= µ(∆(f)) +
∑
τ
i0
(
fτ ,
∂fτ
∂Yτ
)
= µ(∆(f)) +
∑
(µ0(fτ ) + i0(fτ , X)− 1)
= µ(∆(f)) + r(∆(f)) +
∑
τ
(µ0(fτ )− 1).
2δ0(f) = µ0(f) + r0(f)− 1(ii)
= µ(∆(f)) + r(∆(f)) +
∑
τ
(µ0(fτ )− 1) +
∑
τ
r0(fτ )− 1
= µ(∆(f)) + r(∆(f))− 1 +
∑
τ
(µ0(fτ ) + r0(fτ )− 1)
= 2δ(∆(f)) + 2
∑
τ
δ0(fτ )
and (ii) follows.
We can rewrite formula 5.7 (i) for the Milnor number in the form
µ0(f) = µ(∆(f)) + r(∆(f))− r(f,∆(f)) +
∑
τ
µ0(fτ ).
Then we get
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Corollary 5.8. For any convenient power series f ∈ C{X,Y }:
(i) µ0(f) ≥ µ(∆(f)) + r(∆(f))− r(f,∆(f)) with equality if and only if all
strict transforms fτ corresponding to the quasi-tangents τ of the curve
f = 0 are nonsingular,
(ii) δ0(f) ≥ δ(∆(f)) with equality if and only if µ0(f) = µ(∆(f))+r(∆(f))−
r(f,∆(f)).
Corollary 5.9 (Kouchnirenko’s Planar Theorem, see [18]).
For any convenient power series f ∈ C{X,Y }:
µ0(f) ≥ µ(∆(f)) with equality if and only if f is nondegenerate.
Example 5.10. (cf. Example 4.9)
Let f = X7 +X5Y +X3Y 2 + 2X2Y 3 +XY 4 +X6 and ∆ = ∆(f).
Then µ(∆) = 18, r(∆) = 5, r(f,∆) = 4, δ(∆) = 11. All strict transforms
of f by N-transformations corresponding to the quasi-tangents to f = 0 are
nonsingular. Therefore, µ0(f) = µ(∆) + r(∆) − r(f,∆) = 19 and δ0(f) =
δ(∆) = 11.
Example 5.11. (cf. Example 4.5)
Let f = (X2−Y 3)2−Y 7 and g = (X2−Y 3)2−XY 5. Then ∆(f) = ∆(g) = ∆ =
=
{
6
4
}
, µ(∆) = 15, r(f,∆) = r(g,∆) = 1 and r(∆) = 2.
The strict transforms f1 and g1 of f and g by the N-transformation correspond-
ing to the unique quasi-tangent Y 3−X2 = 0 of f and g are f1 = (3Y1)2−X21 +
· · · and g1 = −X1 + · · · . Therefore we get µ0(f) = µ(∆) + r(∆)− r(f,∆) +
µ0(f1) = 16+µ0(f1) = 16+1 = 17 and µ0(g) = µ(∆)+r(∆)−r(f,∆)+µ0(g1) =
16 + µ0(g1) = 16 + 0 = 16.
We say that a local curve f = 0 is in a general position with respect to
coordinates (X,Y ) if the axes Y = 0 and X = 0 are not tangent to f = 0 (see
Remark 3.4). Let t0(f) be the number of tangents to the curve f = 0.
Corollary 5.12 (see [4] and appendix to [29]).
Suppose that the local curves f = 0 and g = 0 are in a general position with
respect to (X,Y ). Let n = ordf and m = ordg.
Then
(i) i0(f, g) = nm+
∑
τ i0(fτ , gτ ),
(ii) δ0(f) =
1
2n(n− 1) +
∑
τ δ0(fτ ),
(iii) i0(f,
∂f
∂Y ) = n(n− 1) +
∑
τ i0(fτ ,
∂fτ
∂Yτ
),
(iv) µ0(f) + t0(f)− 1 = n(n− 1) +
∑
τ µ0(fτ ).
Notes
The formulae for the local invariants in terms of the Newton diagrams and New-
ton transformations (Theorems 5.3, 5.6, 5.7) are very close to Gwoz´dziewicz’s
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formulae [10] in toric geometry of plane curve singularities (see also [27]) and
like Newton trees and Newton process developed by Pi. Cassou-Nogue`s and
Veys in [5] provide an effective method of calculations. The Newton number
µ(∆) can be defined for all Newton diagrams ∆ in such a way that Kouch-
nirenko’s theorem holds for any reduced power series (see [7,21,36]. Corollary
5.8 provides a new characterization of weakly Newton nondegenerate singular-
ities (see [9], Theorem 3.3).
6. Nondegenerate singularities and equisingularity
In this section we will prove that the equisingularity class of the curve
f = 0 can be recovered form the Newton diagram ∆(f), provided that f is
a convenient and nondegenerate power series.
Lemma 6.1. Let f ∈ C{X,Y } be a convenient power series such that the
curve f = 0 has exactly one quasi-tangent. If its tangential multiplicity is equal
to 1, then f is irreducible and Γ(f) = i0(f,X)N+ i0(f, Y )N.
Proof. Let m = i0(f, Y ), n = i0(f,X). Then gcd(m,n) = 1 and after
multiplying f by a constant, we may assume (see Remark 3.5) that f = Y n +
aXm +
∑
cαβX
αY β where a 6= 0 and the summation is over (α, β) such that
αn+ βm > mn. The power series f is irreducible by Corollary 4.4.
To prove that Γ(f) = Nn + Nm, we follow [39] (proof of Theorem 3.9).
Consider the intersection number i0(f, g) where g ∈ C{X,Y } is not a mul-
tiple of f . By the Weierstrass Division Theorem we may assume that g =
g0(X) +g1(X) + · · ·+gn−1(X)Y n−1 ∈ C{X}[Y ]. We have i0(f, gk(X)Y n−k) =
(ord gk)n + (n − k)m ≡ (n − k)m (mod n). If k, l < n and k 6= l, then
(k − l)m 6≡ 0 (mod n). Thus i0(f, gk(X)Y n−k) 6= i0(f, gl(X)Y n−l) for k 6= l
and by Property 5 of intersection multiplicity (Section 1) we get i0(f, g) =
i0(f, gk(X)Y
n−k) for a k ∈ [0, n − 1], which implies Γ(f) ⊂ Nn + Nm. Since
n,m ∈ Γ(f), there is Γ(f) = Nn+ Nm.
Lemma 6.2. Let f ∈ C{X,Y } be a convenient, nondegenerate power series
and let f =
∏r
i=1 fi with fi ∈ C{X,Y } irreducible. For any S ∈ n(f) we put
I(S) = {i ∈ [1, r] : i0(fi,Y )i0(fi,X) =
mS
nS
}. Then
(1) Γ(fi) = nSN+mSN for i ∈ I(S),
(2) i0(fi, fj) = inf{mSnT ,mTnS} for (i, j) ∈ I(S)× I(T ), i 6= j.
Proof. By Proposition 4.8 the irreducible factors fi, i = 1, . . . , r satisfy
the assumptions of Lemma 6.1. Thus Γ(fi) = i0(fi, X)N+ i0(fi, Y )N = nSN+
mSN (we have i0(fi, X) = mS , i0(fi, Y ) = nS since i0(f,X), i(fi, X) and
mS = |S|1/r(S), nS = |S|2/r(S) are coprime) and we get (1). By Proposition
4.8 the pairs fi, fj , i 6= j are nondegenerate, then (2) follows from Corollary
5.5.
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Remark 6.3. The quasi-tangents to the branches fi = 0, i ∈ I(S) are
exactly the quasi-tangents to the curve f = 0 corresponding to the face S ∈
n(f). Therefore, #I(S) = r(S) and
⋃
S∈n(f) I(S) = [1, r].
Theorem 6.4 (see [21]).
Let f, g ∈ C{X,Y } be convenient power series such that ∆(f) = ∆(g). Then
(i) if f, g are nondegenerate, then the curves f = 0 and g = 0 are equisin-
gular,
(ii) if f is nondegenerate, but g is degenerate, then the curves f = 0 and
g = 0 are not equisingular.
Proof. Let ∆ = ∆(f) = ∆(g) and r = r(∆).
(i) We have r(f) = r(g) = r by Proposition 4.8. Moreover, we can label the
irreducible factors fi of f and gi of g (i = 1, . . . , r) in such a way that
i0(fi, Y )
i0(fi, X)
=
i0(gi, Y )
i0(gi, X)
for i = 1, . . . , r.
Therefore, Γ(fi) = Γ(gi) for all i = 1, . . . , r and i0(fi, fj) = i0(gi, gj) for
i, j ∈ {1, . . . , r} by Lemma 6.2, that is fi 7→ gi is an equisingularity bijection
and the curves f = 0 and g = 0 are equisingular.
(ii) By Kouchnirenko’s theorem (Corollary 5.9) we have µ0(f) = µ(∆) and
µ0(g) > µ(∆). Therefore, µ0(f) 6= µ0(g) and the curves f = 0 and g = 0 are
not equisingular by Theorem 2.16.
Remark 6.5. We have proved that if f and g are nondegenerate, then
the equisingularity bijection fi 7→ gi preserves the intersection multiplicities
of the branches with the axes: i0(fi, X) = i0(gi, X), i0(fi, Y ) = i0(gi, Y ) for
i = 1, . . . , r.
Remark 6.6. We can weaken the assumption “f, g convenient” of Theorem
6.4 by assuming only that f, g have no multiple factors. To prove this it suffices
to use Theorem 6.4 and Remark 6.5.
Example 6.7. Let ∆ ∈ R2+ be a convenient Newton diagram with vertices
(α0, β0), . . . , (αm, βm) where 0 = α0 < α1 < · · · < αm and β0 > β1 > · · · >
βm = 0.
Then the series f0 = X
α0Y β0+· · ·+XαmY βm is nondegenerate and ∆(f0) = ∆.
Let us consider an invariant I of equisingularity. For every convenient
Newton diagram ∆, we put I(∆) = I(∆(f)) where f is a nondegenerate power
series. According to Theorem 6.4, I(∆) is defined correctly (does not depend
on f). There is a natural problem: calculate I(∆) effectively in terms of
∆. The best known result of this kind is due to Kouchnirenko, see [18] and
Corollary 5.9 in this note.
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Notes
The nondegenerate plane curve singularities may be characterized without
refering to the coordinates [7]. An unexpected example of degeneracy is dis-
cussed in [3]. A lot of invariants of nondegenerate singularities are computed in
terms of their Newton diagrams: see survey articles [28] and [11]. A descrip-
tion of the adjoints to the local nondegenerate hypersurface is given in [25].
The Newton diagrams and the notion of non-degeneracy are also useful in real
analytic geometry [20].
References
1. Bernstein D. N., The number of roots of a system of equations, Funct. Anal. Appl., 9,
No. 3 (1975), 183–185.
2. Brieskorn E., Knoerr H., Plane algebraic curves, Birkha¨user, 1986.
3. Brzostowski Sz., Degenerate singularities and their Milnor numbers, Univ. Iagel. Acta
Math., 49 (2011), 37–44.
4. Casas-Alvero E., Singularities of plane curves, London Math. Soc. Lecture Notes, 276,
Cambridge University Press, 2000.
5. Cassou-Nogue`s Pi., Veys W., Newton trees for ideals in two variables and applications,
arXiv: 1201.0467 v 1 [math.AG] 2 Jan 2012.
6. Duval D., Rational Puiseux expansions, Composito Math., 70 (1989), 119–154.
7. Garc´ıa Barroso E., Lenarcik A., P loski A., Characterization of non-degenerate plane
curve singularities, Univ. Iagel. Acta Math., 45 (2007), 27–36. Erratum, ibidem. 47
(2009), 321–322.
8. Greuel G. M., Lossen Ch., Shustin E., Introduction to singularities and deformations,
Springer Verlag, 2006.
9. Greuel G. M., Nguyen Hong Duc, Some remarks on the planar Kouchnirenko’s theorem,
arXiv: 1009.4889 v 1 [math. AG] 24 Sep. 2010.
10. Gwoz´dziewicz J., Generalized Noether’s Formulas for plane curve singularities, Univ.
Iagel. Acta Math., 48 (2010), 55–62.
11. Gwoz´dziewicz J., Lenarcik A., P loski A., Polar invariants of plane curve singularities:
intersection theoretical approach, Demonstratio Math., 43, N◦ 2 (2010), 303–323.
12. Gwoz´dziewicz J., P loski A., Formulae for the singularities at infinity of plane algebraic
curves, Univ. Iagel. Acta Math., 39 (2001), 109–133.
13. Hironaka H., On the arithmetic genera and the effective genera of algebraic curves, Mem.
Coll. Sci. Univ. Kyoto. Ser. A. Math., 30 (1957), 177–195.
14. Jung H. W. E., Einfu¨hrung in die Theorie der algebraischen Funktionen einer
Vera¨nderlichen, Walter de Gruyter & Co, Berlin und Leipzig, 1923.
15. de Jong T., Pfister G., Local analytic geometry. Basic theory and applications, Vieweg,
2000.
16. Khovanski A. G., Newton polyhedra and toric varieties, Funkt. Anal. Prloz., 11(4) (1977),
56–67 and 12(1) (1978), 51–61.
17. Khovanski A. G., The index of polynomial vector field, (Russian), Funkt. Anal. Prloz.,
13(1) (1979), 49–58.
18. Kouchnirenko A. G., Polye`dres de Newton et nombres de Milnor, Invent. Math., 32
(1976), 1–31.
34
19. Kuo T. C., Generalized Newton-Puiseux theory and Hensel’s lemma in C[[x, y]], Canad.
J. Math., 41, No. 6 (1989), 1101–1116.
20. Kucharz W., Newton polygons and topological determinancy of analytic germs, Periodica
Math. Hungarica, 22(2) (1991), 129–132.
21. Lenarcik A., On the Jacobian Newton polygon of plane curve singularities, Manuscripta
Math., 125 (2008), 309–324.
22. Lipovski A., Newton polyhedra and irreducibility, Math. Z., 199 (1988), 119–127.
23. Maurer J., Puiseux expansion for space curves, Manuscripta Math., 32 (1980), 91–100.
24. Masternak M., Invariants of singularities of polynomials in two complex variables and
the Newton diagrams, Univ. Iagel. Acta Math., 39 (2001), 179–188.
25. Merle M., Teissier B., Conditions d’adjonction d’apre`s du Val, Se´minaire sur les Singu-
larite´s des Surfaces, Palaiseau, France 1976–77, Lecture Notes in Math. Springer, 777,
230–245.
26. Milnor J., Singular Points of Complex Hypersurfaces, Princeton University Press, 1968.
27. Oka M., Geometry of plane curves via toroidal resolution, Algebraic Geometry and Singu-
larities (eds. A. Campillo Lo´pez and Norrva´ez Macarro), Progr. Math., 134, Birkha¨user,
Basel (1996), 95–121.
28. Pfister G., Invariants of singularities and Newton polyhedron, Proceedings of the Week of
Algebraic Geometry, Bucharest 1980, Teuber-Texte zur Mathematik, Band 40, 123–138.
29. Pham E., Courbes discriminantes des singularite´s planes d’ordre 3, Aste´risque, 7–8
(1973), 363–391.
30. Risler J. J., Sur l’ide´al jacobian d’une courbe planes, Bull. Soc. Math. Fr., 99(4) (1971),
305–311.
31. Teissier B., The´se, 2◦ partie, Paris 1973.
32. Teissier B., Cycles e´vanescents, section planes et conditions de Whitney, Aste´risque, No
7–8 (1973), 285–362.
33. Teissier B., The hunting of invariants in the geometry of discriminants, Nordic Summer
School/NAVF Symposium in Mathematics, Oslo, August 5–25, 1976.
34. Teissier B., Introduction to Curve Singularities, Singularity Theory, Eitors D. T. Leˆ,
K. Saito, B. Teissier, World Scientific 1991.
35. Varchenko A. N., Zeta function of monodromy and Newton’s diagram, Invent. Math., 37
(1976), 253–262.
36. Wall C. T. C., Newton polytopes and nondegeneracy, J. reine angew. Math., 509 (1999).
37. Wall C. T. C., Singular Points of Plane Curves, London Mathematical Society, Student
Text 63, Cambridge University Press, 2004.
38. van der Waerden B. L., Einfu¨hrung in die algebraische Geometrie, Springer, Berlin, 1939.
39. Zariski O., Le proble`me des modules pour les branches planes. Centre de Mathe´matiques
de l’E´cole Polytechnique, Paris, 1973.
Received December 31, 2011
Institut de Mate´matiques de Bordeaux
Universite´ Bordeaux I, 350, Cours de la Libe´ration
33 405, Talence Cedex 05, France
e-mail : picassou@math.u-bordeaux1.fr
Department of Mathematics
Kielce University of Technology
Al. 1000L PP 7, 25-314 Kielce, Poland
e-mail : matap@tu.kielce.pl
